This laboratory study describes the sediment patterns formed in a sand bed 25 around circular patches of rigid vertical cylinders, representing a patch of reedy 26 emergent vegetation. The patch diameter was much smaller than the channel 27 width. Two patch densities (solid volume fraction 3% and 10%) and two patch 28 diameters (22 and 10 cm) were considered. For flows above the threshold of 29 sediment motion, patterns of sediment erosion and deposition were observed 30 around and within the patch. Scouring within the patch was positively correlated 31 with turbulent kinetic energy in the patch. For sparse patches, sediment scoured 32 from within the patch was mostly deposited within one patch diameter 33 downstream of the patch. For dense patches, which experience greater flow 34 diversion, sediment scoured from the patch was carried farther downstream 35 before deposition along the patch centerline. Differences between the sparse and 36 dense patch patterns of deposition are explained in the context of flow diversion 37 and wake structure, which are related to a nondimensional flow blockage 38 parameter. While sediment was redistributed near the patch, observations 39 suggest that net deposition was not recorded at the reach scale. 40 41
Introduction 46
Vegetation can increase flow resistance and reduce flow conveyance so 47 that many consider it a nuisance in culverts and stream channels (Kouwen and 48 Unny, 1975) . However, vegetation improves water quality by removing nutrients 49 from and releasing oxygen to the water column (Chambers and Prepas,1994; channel response was found to depend on both the shape and density of the 80 rigid model stems. In particular, alternating patches of semicircular shape were 81 recommended to promote the restoration of meandering geometries. 82
In this study we consider the erosion pattern associated with a circular 83 patch of emergent vegetation located at mid-channel, making connections to flow 84 structure previously described by Zong and Nepf (2012) . Zong and Nepf 85 considered circular arrays of diameter D constructed from circular cylinders, each 86 of diameter d, at a density of n cylinders/m 2 . This produced a frontal area per 87 unit volume of a = nd, and a solid volume fraction of ϕ = nπd 2 /4 within the patch. 88
Upstream of the patch, the velocity is uniform with magnitude U o (Fig. 1 ). As flow 89 approaches the patch, the velocity begins to decelerate about 1D upstream, as 90 flow is diverted around this region of high drag. Diversion and flow deceleration 91 continue through the patch. While the mean velocity within the patch is 92 diminished relative to the free stream, the turbulence levels may be enhanced, as 93 turbulent eddies form in the wake of each individual cylinder. 94
Because the patch is porous, some flow penetrates through the patch, 95
creating an area of slow streamwise velocity directly behind the patch, which we 96 call the steady wake region. The presence of flow in the steady wake delays the 97 onset of the von Kármán vortex street and thus alters the wake structure relative 98 to that observed behind a solid obstruction (Nicolle and Eames, 2011; Zong and 99
Nepf, 2012). The flow in the steady wake (U 1 ) separates two regions of faster 100 velocity (U 2 ), creating a shear layer on either side of the steady wake. These 101 layers grow linearly with distance from the patch, eventually meeting at the wake 102 centerline ( Fig. 1 ). At this point, the interaction between the shear layers results 103 in the von Kármán vortex street. The length L 1 between the end of the patch and 104 the onset of the von Kármán vortex street defines the length of the steady wake 105 region (Ball et al., 1996) . The length of the steady wake region (L 1 ) may be 106 predicted from the growth of the linear shear layers and the patch geometry 107 (Zong and Nepf, 2011), 108
The right most expression assumes U 2 = U o , which is reasonable if D is much 110 less than the channel width, which is valid in our experiments. 111
The formation of the von Kármán vortex street provides a lateral flux of 112 momentum that erodes the velocity deficit in the wake. After the additional 113 distance L 2 , the velocity profile again approaches the upstream value, U o . The 114 region L 2 is called the wake recovery region. Based on data given in Zong and 115 Nepf (2012), we propose the following empirical relation: 116
(2) 117
The total length of the wake is L 1 + L 2 . 118
For a solid cylinder, the von Kármán vortex street begins immediately 119 behind the obstruction, so that L 1 = 0, and L 2 /D ≈ 3 (Re D = 23000; Zong and 120 Nepf, 2012). Behind a porous obstruction, L 1 and L 2 increase with increasing 121 steady wake velocity, U 1 (Eqs. (1) and (2)). Because U 1 increases with 122 increasing patch porosity (i.e. decreasing , L 1 and L 2 increase with decreasing 123 . Because these length scales describe important features of the flow field, i.e.,
124
the onset of the von Kármán vortex street (L 1 ) and the end of the wake velocity 125 deficit (L 1 + L 2 ), we hypothesize that they can be connected to the pattern of 126 erosion and deposition observed near a patch. This hypothesis will be tested in 127 the current study. 128
Bedload transport is characterized by the bed shear stress, 129
(3) 130 with  the fluid velocity and the bed shear velocity. When the bed shear stress vortex street. Because small-scale turbulence may also be generated within the 138 patch, scour is also possible within the patch. Alternatively, we expect bedload 139 accumulation in regions of reduced bed shear stress, specifically in the steady 140 wake region of length L 1 , where both velocity and turbulence are diminished. 141
While we anticipate that a finite patch of vegetation will change bedload 142 transport locally (described above), at the reach scale we expect that the 143 introduction of an isolated patch of vegetation will have little impact. This is 144 because a finite patch alters the flow field over a limited distance (L), beginning 145 about D upstream of the patch and extending downstream a distance L 1 + L 2 146 (i.e., L = 2D + L 1 + L 2 ). Beyond this distance, the flow-and therefore the 147 bedload transport-should be unaffected by the patch. This idea will be tested 148 The scour and deposition associated with a circular patch of vegetation 154
will be compared to that observed for a solid cylinder. Dargahi (1990) is an estimate for the depth-averaged velocity. 208
Because we were not able to make velocity measurements within the 209 patch, the turbulence associated with stem generation was estimated using a 210 relation developed and experimentally verified by Tanino and Nepf (2008): 211
where ( ̅̅̅̅ ̅̅̅̅ ̅̅̅̅̅ ) is the turbulent kinetic energy per fluid mass. 214
The right-most expression assumes ϕ << 1 and substitutes ϕ = nπd 2 /4 to 215 explicitly show the relationship with stem density, n. Further, because we were 216 not able to measure velocity inside the patch, we substitute u = U o . With this 217 approximation Eq. (4) cannot predict the absolute magnitude of turbulence within 218 the patch but can still serve as a comparative metric between patches. Finally, 219
Eq. (4) is strictly valid only for stem Reynolds numbers Re d = ud/ 100, the limit 220 above which shedding of vortices from the stems is present. 221
The bed friction velocity, √ , was estimated from a logarithmic 222 profile, assuming smooth turbulent conditions (Julien, 1998), 223
where h is the water depth, and is the kinematic viscosity of water. This profile 225 is valid for . Our values ranged from 2.6 to 9.3, which 226 technically fall in the transition regime. However, estimates of shear velocity were 227 similar (within 5%) using the rough turbulent ( > 70) and smooth turbulent 228
profiles. 229
The change in bed elevation was found by differencing bed elevation 230 before and after exposure to flow. A Keyence LK-G laser, mounted on a 231 motorized track above the flume, measured the distance to the sediment bed 232 every 2 mm across the flume and every 5 mm along the flume (parallel to the 233 flow field). Before each run, the sand was smoothed with a 1-m-long rigid plastic 234 board, and sediment inside the patch was manually smoothed in order to provide 235 similar initial conditions for each run. The sediment was scanned before and after 236 several hours of flow. The scans were interpolated and plotted in Matlab using 237 code written by Craig Hill (University of Minnesota, Minneapolis, MN). In order to 238 remove very large values associated with individual rods, cells with distances < 239 700 mm from the laser or with gradients > 0.6 mm/mm were removed; 240 replacement values were interpolated from surrounding cells. Scans taken 241 before and after each run were differenced to find the net deposition as a 242
function of x (streamwise) and y (lateral). Longitudinal transects of laterally 243 averaged deposition were constructed by summing across each lateral (y) scan. 244
In order to find the net deposition within the patch, the patch center was 245 located using an uncorrected scan, which showed the dowel rods; a circle was 246 defined using the patch center and known radius. Values of net deposition inside 247 the circle were summed in order to find the total net deposition volume within the 248 patch. Net deposition behind the patch was defined as the net deposition within 249 a square of side length D centered directly behind the patch. Uncertainty in the 250 net deposition within and directly behind the patch was estimated by shifting the 251 circle or square by 1 cm in each coordinate direction. 252
The net deposition at the reach scale was estimated from the average 253 change in sediment height over the area covered by the laser scan. In cases 254
where scour extended upstream of the laser scan, we extrapolated the laterally 255 averaged deposition upstream to the point of zero net deposition. This 256 extrapolation is consistent with the shape of upstream scour holes measured 257 within the laser scan limits and the scour holes measured by Dargahi (1990) . 258
For some cases (4, 5, and 10), the net deposition extended downstream beyond 259 the footprint of the scan (an example is discussed in the results section). In these 260 cases, we extrapolated the laterally averaged net deposition from the end of the 261 laser scan to a point of zero deposition at L 1 + L 2 . This was justified because 262 visual observations confirmed that the patch-induced bedform extended behind 263 the patch approximately L 1 + L 2 , as anticipated in Section 1. Uncertainty in the 264 channel average net deposition (±1.1 mm) was estimated by comparing two sets 265 of replicates. The variation between replicates was in part caused by the 266 deposition of fine particles, which were present in the Mississippi River water. 267
The concentration of suspended particles varied from day to day, based on 268 observed water clarity. Fine particle deposition was readily apparent from the 269 contrast between the dark brown fine particles and the light tan of the Silurian 270 pool filter sand. 271
The length of the steady wake, L 1 , was estimated using dye, following a 272 method similar to that of Zong and Nepf (2012). Red dye was injected near the 273 surface directly behind the patch, and movies were taken of the dye motion. The 274 point at which von Kármán oscillations were first observed marked the end of the 275 steady wake region. After this evaluation, the flow was left to run for several 276 hours. We chose run times that allowed us to replicate the distinct patterns of 277 erosion and deposition at different flow velocities-2 hours for 40 cm/s velocity, 5 278 hours for 30 cm/s velocity, and overnight for 20 cm/s velocity. These run times 279 are consistent with Dargahi (1990) who, for comparable flow speeds and depths, 280 observed intense scouring for 3 hours, with 60% of the final scour depth reached 281 after 2 hours. After each run, the flow was stopped and the flume allowed to 282 drain. Excess water was bailed; the remaining water was aspirated, or sucked 283 out of the flume using a hose. Once dry, a laser scan was run on the sediment 284 formation; pictures of the sediment and apparatus were taken. 285 286 3. Results 287
Flow field 288
Because it was not feasible to make longitudinal transects of velocity in 289 the SAFL flume, we utilized the detailed transects measured by Zong and Nepf 290 (2012). To do so, we first confirmed that our measured values of U 1 were 291 consistent with those of Zong. Although Zong considered U o = 10 cm/s and the 292 SAFL experiments consider a range of U o (10 to 33 cm/s), the flow distribution is 293 expected to be self-similar, i.e., for the same ϕ and D, U/U o will be the same. 294 This is confirmed in Fig. 2 Furthermore, our values of L 1 are consistent with the model prediction (Eq. (1)) 302 and with measurements from previous studies (Fig. 3) . Given these 303 confirmations, we are confident in using Eqs. (1) and (2) to predict L 1 and L 2 , 304 respectively, when these length scales could not be measured directly (Table 1) . 305
The adjustment of flow near the patch depends on the degree of flow 306 blockage provided by the patch, which is described by the patch width, D, and 307 the frontal area within the patch, a. Together, these define a dimensionless flow 308 blockage parameter, aD. The flow diversion and velocity reduction within the 309 patch increase as aD increases. For example, in Fig. 2 the velocity is reduced to 310 a greater extent for the patch with higher aD, specifically ϕ = 0.1, aD = 4.4. In which the length scales were too far downstream (L 1 + L 2 = 615 cm). 342
We first discuss cases 4 and 5, which represent patches with high flow 343
blockage (D = 22 cm, ϕ = 0.1, aD = 4.4; Figs. 5A and 5B). Although these two 344 cases have different channel velocity, U o = 33 cm/s (case 4) and 17 cm/s (case 345 5), the patterns of deposition and erosion are similar, which is consistent with the 346 fact that the spatial pattern of the flow is similar, as set by the flow blockage. The 347 sediment pattern for these two cases differs in several ways from that observed 348 with a solid object. First, unlike the circular scour region observed around the 349 solid cylinder (Fig. 4) , the scour near the porous patch (blue color) has a 350 horseshoe shape, with deposition replacing scour directly downstream of the 351 patch. The flow passing through the patch (U 1 ) delivers sediment that is 352 subsequently deposited directly downstream of the patch (red mound just past 353
x/D = 0). Second, unlike the solid object ( Fig. 4) , scour extends very little 354 upstream of the porous patches. This is based on visual observation not 355 captured in the scans. Looking at the laterally averaged transect, we see that in 356 each case scour began at the front of the patch, increased with distance inside 357 the patch for about 0.5D, and then began decreasing. Third, there exist two 358 distinct regions of deposition: the first mound directly downstream (x/D ≈ 0.2) and 359 a second mound distributed over some distance downstream, but with a peak at 360
x/D ≈ 5. The position of the second peak in deposition is similar to that observed 361 for the single deposition mound observed behind a solid cylinder (at x/D = 4.8; 362 Fig. 4) . Notably, the second region of deposition falls on the wake centerline, 363 similar to the solid cylinder; this is again attributed to the lateral transport 364 provided by the von Kármán vortex street. Indeed, the second region of 365 deposition occurs just after the onset of this vortex street, i.e., x > L 1 (Figure  366 5A,B; cases 4 and 5). Some aspects of the dense patch deposition will show 367 similarity with the solid cylinder because, as flow blockage increases, the wake 368 structure approaches that of a solid cylinder. Numerical studies done by Nicolle 369 and Eames (2011) suggested that this occurs for aD >≈ 9. Beyond this limit the 370 wake structure, and likely the deposition pattern, will be identical to that of a solid 371
object. 372
Perhaps the most striking feature in the wake of this high flow blockage 373 patch is the triangular ridge that grows from the bar of sediment behind the patch 374 ( Figs. 5A,B; x/D = 0.25 to x/D = 2.4). The tip of this triangle is located just before 375 L 1 and corresponds to the position at which the recirculation zone occurs at the 376 end of the steady wake (Fig. 2 ). As noted above, a recirculation zone is present 377 only for cases with aD ≥ 4. The region inside the triangle did not experience any 378 sand accumulation or depletion. Saltation was observed along the raised border 379 of the triangle but not inside the region, suggesting that bedload transport did not 380 occur inside this region. However, fine particle deposition from the mean flow 381 was observed, as indicated by the contrast between the dark fine particles and 382 lighter color of the Silurian pool filter sand in a photograph (Fig. 6) . 383
For these patches (aD = 4.4), the wake length defined by L 1 + L 2 is a good 384 measure of the length of the bed formation associated with the patch. This is 385 visually demonstrated in the panoramic photograph of case 5 (Fig. 6 ). Near the 386 position marked L 1 + L 2 , the relatively smooth mound of wake deposition ends; 387 the sediment pattern returns to spanwise ripples, similar to that observed 388 upstream of the patch. From the above discussion, we suggest that for aD > 4, the wake length scales L 1 and L 2 can describe key features in the deposition and 390 erosion pattern. 391
Next, we consider case 17 (Fig. 5C) , which was the sparsest patch we 392 considered and the lowest flow blockage (ϕ = 0.03, D = 22 cm, aD = 1.3). 393
Compared to a high flow blockage experiment with comparable D, h, and U o 394 (case 4, Fig. 5A ), the pattern of deposition and erosion has several differences. 395
First, because the changes in the velocity are less pronounced and occur more 396 gradually over space (Fig. 2) , the resulting sediment pattern is more diffuse-i.e., 397 the features are less sharply delineated. For example, the scour around the 398 edge of the patch is less pronounced because the flow diversion is less severe 399 ( Fig. 5, cases 4 and 17) . Second, the mound of deposition directly behind the 400 patch (0 < x/D < 1) is larger. This is discussed further below. Third, deposition 401 beyond the first mound (x/D > 1) does not occur on the wake centerline but 402
creates a formation that is open to the downstream direction. This open 403
formation is consistent with the absence of a recirculation zone and with the very 404 large value of L 1 , which is beyond the end of the image shown. Recall that the 405 von Kármán vortex street provides the mechanism for sediment transport toward 406 the wake centerline, but this mechanism is only present for x > L 1 . The absence 407 of this lateral transport mechanism near the patch results in deposition that is 408 offset from the centerline, as seen in case 17. We conclude that open formations 409 (e.g., case 17) are favored with low flow blockage patches that produce long 410 regions of steady wake, and closed formations (e.g. case 5) are favored with high 411 flow blockage patches. 412
Although L 1 + L 2 was estimated to be much longer for case 17 than for 413 cases 4 and 5, the length of the sediment formation was similar (Fig. 5) . 414
Specifically, in case 5, L 1 + L 2 ≈ 8D; this length is consistent with the length of the 415 sediment formation (Fig. 6) . By contrast, for the sparse case 17, the length of the 416 sediment formation is 4.5D (Fig. 5) ; L 1 + L 2 = 25D, a large disparity, suggesting 417 that the wake length is not a good measure of the sediment pattern for sparse 418 patches. When the wake is very long, as in case 17, the sediment supply 419 provided by erosion near the patch likely runs out before the end of the wake is 420
reached. 421
We next consider case 10 ( Fig. 5D ), for which D = 10 cm, ϕ = 0.1, aD = 2. 422
Because aD < 4, no recirculation zone is present in the steady wake zone. 423
Consistent with this, this patch does not generate the closed triangular ridge 424 observed in the high flow blockage cases (e.g., cases 4 and 5 in Figs. 5A,B) . 425
However, similar to cases 4 and 5, net deposition along the centerline of the 426 wake begins near L 1 (Fig. 5D ). Taken together, the four cases shown in Fig. 5  427 suggest the following generalization: if sediment supply is sufficient, the onset of 428 the von Kármán vortex street at L 1 produces lateral transport toward the wake 429 center and net deposition on the wake centerline beginning near L 1 (cases 4, 5, 430 and 10, Figs. 5A,B,D) . For sparse patches with very large L 1 , the sediment 431 scoured from around the patch deposits long before the onset of the von Kármán 432 vortex street, and the absence of significant lateral transport within the steady 433 wake leads to downstream deposition that is displaced from the wake centerline 434 (case 17, Fig. 5C ). 435
The distinctive restructuring of the bed shown in Fig. 5 was not observed 436 in every case. If the flow conditions were below the critical value for bedload 437 transport, then no restructuring of the bed could occur. This is also true for the 438 formation of ripples. The bed shear stress, , is used to characterize the 439 threshold of sediment motion. From previous literature on bedforms in open 440 channels (Southard, 1991), we expect to find a threshold value ( c ) above which 441 ripple formation will be observed. In fact, our data suggest this is true, i.e., the 442 same threshold holds for both types of bedform. Specifically, cases for which no 443 ripples were present also have no patch-driven bed formations. The 444 experimental runs fell into three regimes: (1) no ripples and no patch-driven bed 445 forms; (2) no ripples upstream, but ripples triggered by the flow diversion and 446 acceleration around the patch; and (3) ripples and patch-driven bedforms 447 together (e.g. Fig. 6 ). In regime (3), ripples did not seem to influence the patch-448 driven formation; no ripples were observed inside the patch. These three the diversion of flow enhances the local velocity, which in turn elevates local bed 455 stress above that predicted from U o . So, local bed stresses are higher than 0.05 456
Pa at the transition. The data suggest that the critical shear stress is dependent 457 on aD, with a lower transition value occurring for higher aD. This makes sense 458 because, at higher values of aD, more flow is diverted away from the patch, 459 leading to a greater enhancement of velocity outside the patch and a greater 460 local increase in shear rate. 461 462
Within patch scour 463
In most cases net scour was observed within the patch, and the degree of 464 scour increased with channel velocity (Fig. 8 ). Note that in our convention scour 465 is negative net deposition, so that a more negative value indicates a greater 466 mean depth of scour within the patch. A linear regression was fit to the low stem 467 density patches (ϕ = 0.03) and the high stem density patches (ϕ = 0.1) 468
individually to emphasize the difference between these cases. For the high 469 stem density patches, the patch diameter did not have a significant impact so, for 470 simplicity, these two classes are lumped together. For the same channel velocity 471 (U o ), deeper scour occurred within the higher density patches (black symbols and 472 black trend line in Fig. 8A ) than in the lower density patches (grey symbols and 473 grey trend line in Fig. 8A ). This is also evident in the comparison shown in Fig. 5 : 474 for the same channel velocity, case 4 (ϕ = 0.1) experienced much deeper in-475 patch scour than case 17 (ϕ = 0.03). Increased turbulence generation within the 476 dense patches may be responsible for the increased levels of scour. Using the 477 turbulence level estimated from Eq. (4) as the dependent variable, the measured 478 scour for all patch densities falls on similar trend lines (Fig. 8 ). This suggests 479 that turbulence level is a better predictor of sediment mobility within the patch 480 than local velocity. 481
Experiments for which in-patch scour was observed also included a 482 mound of sediment deposition directly behind the patch. This mound consisted, 483 at least in part, of sediment scoured from within the patch. The fraction of in-484 patch erosion contributing to the mound was estimated as the ratio of mound 485 volume to the volume scoured from within the patch. We only considered cases 486 in which the erosion within the patch was non-zero and net deposition occurred 487 behind the patch. Cases 4 and 10 were omitted because the average net 488 deposition behind the patch was negative owing to scour behind the patch along 489 the sides of the mound (Fig. 5A,D) . The mound volume to scour volume ratio 490 decreased as the flow blockage, aD, increased ( Fig. 9 ). To explain this trend, we 491 
Net deposition at reach scale 506
Finally, we consider whether the introduction of a finite patch of vegetation 507
promotes net deposition at the reach scale. Recall that for a solid cylinder, over 508 a distance > 10D, the net change in sediment volume is zero (Dargahi, 1990); 509
i.e., no change in net deposition exists at the reach scale. The channel average 510 net deposition is shown in Fig. 10 . Two dashed lines indicate the replicate 511 uncertainty (±1.1 mm), and any point falling between these lines we consider to 512 be indistinguishable from zero. All but two cases fall within these lines. We can 513 explain case 15, which showed an intrusion of upstream sediment into the laser 514 scan area, probably caused by loosening of the flow straightener upstream, 515 which allowed a stream of relatively fast-moving flow to progress along the side 516 of the flume. In case 5, the predicted L 1 + L 2 overestimated the end of the 517 observed patch-driven bedform by about 15 cm (Fig. 6 ). If we reduce L 1 + L 2 by 518 this amount, the channel-scale net deposition is reduced to 1.6 mm. This is still 519 outside the limits for zero net deposition by a margin of 45%. Setting aside this 520 case, the other 16 cases are supportive of the following tentative conclusion. 521 Although significant sediment redistribution is observed, it is spatially contained 522 within the scale of the patch and wake (L = 2D + L 1 + L 2 ), and the introduction of 523 a single patch does not generate net deposition at the reach scale. 524 525
Discussion 526
First, let us consider how the vegetation-induced wake may influence the 527 growth pattern for a patch. The bedload transport described in this study and the 528 suspended load deposition observed in this study and experimentally 529 investigated by Tsujimoto (1999) and Chen et al. (2012) suggest that the wake 530 behind a patch of vegetation is a region of elevated fine particle deposition that is 531 also shaded from significant bedload transport. This would likely make the wake 532 a region of nutrient-rich soil that is favorable for new plant growth, so we expect 533 the patch to grow into the region of the steady wake (L 1 ). Edwards et al. ripples triggered by the patch or areas of scour holes around the patch may 579 provide refuge for small fish (Gerstner, 1998) . 580
Finally, in this study we observed increased scour within the patch with 581 increased stem density. Although this may be somewhat surprising, it is 582 consistent with previous observations. Zong and Nepf (2011) measured flow and 583 fine particle deposition in a long patch of model vegetation. Near the leading 584 edge of the patch, u was close to U o so that the stem-generated turbulence (Eq. 585 4) raised the turbulence levels within the patch above that measured in the 586 adjacent open channel. The elevated levels of turbulence suppressed deposition 587 below that measured for an adjacent bare bed. With the scaling argument that 588 follows, we propose that a good fraction of a circular patch behaves like the 589 leading edge of a long patch, with u close to U o , so that turbulence will be 590 elevated (relative to the bare bed) over a significant fraction of a circular patch. 591
This elevation of turbulence explains the observed scour. 592
When flow encounters a long patch of vegetation of width D, the velocity in 593 the patch will decelerate in response to the elevated flow resistance provided by 594 the vegetation. This deceleration occurs within the patch over a length scale L u , 595 which is roughly equal to the larger of D and a -1 (Rominger and Nepf, 2011). 596
Because we only consider patches for which aD ≥ 1, we reasonably anticipate 597 that L u ≈ D. This means that the entire patch length is needed to reach the 598 diminished velocity expected within an extended patch of vegetation, and 599 therefore we can assume u ≈ U o within some non-negligible fraction of the patch. 600 This is true for both sparse and dense patches. Together with Eq. (4) and the 601 observations of Zong and Nepf (2011), we expect that the turbulence level within 602 the circular patch will be elevated, relative to the same flow conditions over a 603 bare bed, which explains the observation of scour. continued about 0.5D into the patch, after which sediment accumulation was 610 observed. Bouma's pattern is similar to our observations, except that in our 611 cases the maximum sediment accumulation was always behind the patch rather 612 than inside the patch. This difference could be related to the submerged flow 613 conditions that occurred near high tide in the Bouma study, whereas our study 614 considers only emergent flow conditions. 615
The result that finite length patches of higher stem density experience 616 greater in-patch erosion stands in contrast to observations in long meadows, for 617 which near-bed turbulence is enhanced within sparse meadows but suppressed
